The purpose of this study was to evaluate the influence of squalene (SQ) on plasma and hepatic lipid levels of obese/diabetic KK-A y mice and wild-type C57BL/6J mice. SQ supplementation significantly increased the HDL cholesterol of KK-A y mice, which was paralleled with no significant difference in the total and non-HDL cholesterol levels. The increase in HDL cholesterol was also found in the plasma of normal C57BL/6J mice, but the difference was not significant. SQ administration significantly increased neutral lipids (NL) in the liver of KK-A y mice, while no significant difference was observed in the polar lipids and the total cholesterol levels. The increase in NL was primarily due to the increase in TAG. However, the cholesterol level significantly increased due to SQ intake in the liver of C57BL/6J mice, while no significant difference was found in other lipid levels. The present study suggests that SQ may effectively increase HDL cholesterol level, an important anti-atherosclerotic factor, especially in subjects with metabolic disorders.
Food and Nutrition Sciences rying concentrations. Among vegetable oils, oil from Amaranthus sp. is known to have the highest concentration of SQ (up to 73.0 g/kg oil) [2] [3] . The SQ content in olive oil is also high (5.64 g/kg oil) compared to other vegetable oils such as that derived from hazelnuts (0.28 g/kg oil), peanuts (0.27 g/kg oil), corn (0.27 g/kg oil) and soybean (0.10 g/kg oil) [4] .
Olive oil intake has shown beneficial health effects [5] [6] [7] [8] and these effects have been recognized to partially derive from olive oil minor compounds, mainly phenolic compounds. In addition, due to the relatively high content in olive oil compared with other vegetable oils, SQ is also regarded as a contributing factor in the reduced risk of diseases associated with olive oil intake. To date, SQ has been reported to show anticancer, anti-inflammatory, antioxidant, skin protection, liver protection, and neuroprotective activities [9] [10] [11] [12] . In particular, many studies have been conducted on the relationship between the reduced risk of cancer due to olive oil intake and the role of SQ as a vital dietary cancer chemopreventive agent [9] [10] [11] [12] [13] .
Furthermore, the higher intake of olive oil in Mediterranean countries compared to northern European countries is related to the low incidence of cardiovascular disease (CVD) [10] . CVD is the leading cause of morbidity and mortality worldwide. In many cases, CVD is caused by atherosclerosis, a chronic vascular disease that generally occurs in the aorta and muscular-type arteries, such as coronary arteries, brain arteries, renal arteries and carotid arteries [14] .
Although the exact cause of atherosclerosis is still unknown, modification and deposition of lipids in the vascular wall can induce this event. Among types of lipid deposition, low density lipoprotein (LDL) cholesterol deposition, especially oxidized LDL, is regarded as a main cause. Thus, cholesterolemia is known as a major inducer of atherosclerosis, and much attention has been paid to the hypocholesterolemic activity of olive oil components, such as oleic acid and other minor compounds including SQ [10] .
SQ is known as an important intermediate for the biosynthesis of phytosterol or cholesterol in plants, animals and humans [11] , and its endogenous synthesis begins with the conversion of acetyl coenzyme A to 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA), followed by the reduction of HMG-CoA to mevalonate, mediating HMG-CoA reductase. Thus, the involvement of SQ in cholesterol synthesis is easily expected, and the possibility has been demonstrated for the use of SQ as a biomarker to evaluate endogenous cholesterol biosynthesis (Brown et al., 2014). Indeed, numerous studies from this viewpoint have explored this possibility of using several experimental approaches in both animals and humans [11] .
Many studies on the effect of dietary SQ on blood cholesterol levels have been reported. Several researchers have demonstrated that dietary SQ can inhibit the activity of HMG-CoA reductase, due to negative feedback regulation of endogenous cholesterol synthesis [12] [13] . The inhibition of HMG-CoA reductase, the rate-limiting control step in the normal biosynthetic pathway from SQ to Food and Nutrition Sciences cholesterol, can also reduce the levels of the series of intermediates between HMG-CoA and cholesterol, including mevalonate, geranyl pyrophosphate, and farnesyl pyrophosphate. However, the effect of SQ on plasma lipids in humans and animals is controversial. Some authors have reported the decrease in plasma cholesterol levels in human studies by SQ intake, while other researchers have reported the opposite effect [1] [10] [15] [16] . The varied effects of SQ are hypothesized to be due to differences in the experimental approaches and sexes [10] [15] [17] .
The controversial effect of SQ on blood cholesterol level has been replicated in animal models. Several researchers have reported a reduction of blood lipid levels, including cholesterol in rats after SQ intake [18] [19] [20] , while other researchers have found increases in the cholesterol levels in normal animals by SQ feeding [21] [22] . In addition, Chmelik et al. [23] found the increase in high density lipoprotein (HDL) cholesterol levels of C57Bl/6J SPF mice fed SQ, while the total cholesterol and LDL cholesterol levels decrease with SQ feeding. This specific increase in HDL cholesterol by SQ intake was also found in three different mouse models (wild-type, Apoa1-and Apoe-deficient) [17] .
Many animal and human studies have revealed SQ as a promising agent in CVD prevention [10] [11] [15] . The effect of SQ has been explained via several different mechanisms, including the elimination of cholesterol as fecal bile acids [16] , inhibition of HMG CoA reductase by dietary SQ due to negative feed-back regulation [24] , inhibition of oxidized LDL uptake by macrophages [25] , stimulation of reverse cholesterol transport [26] , inhibition of isoprenaline-induced lipid peroxidation [18] , and attenuation of homocysteine-induced endothelial dysfunction [11] . These mechanisms are basically dependent on the antioxidant activity of SQ and the involvement of SQ in cholesterol metabolism [1] [10] [11] [15].
However, SQ's role in plasma lipids is not yet clear, although hyperlipidemia, especially hypocholesterolemia, is regarded as a major risk factor for CVD. In the present study, we assessed the effect of SQ on the plasma lipid content of animal models. For animals, we used C57BL/6J genetic background mice. These mice have been widely used due to their higher predisposition to atherosclerosis development [27] . Furthermore, we compared the effect of SQ in normal and obese/diabetes mice. Obesity and diabetes are a major risk factor for CVD [28] [29]. Therefore, the comparison may help to elucidate the effect of SQ on the reduction of CVD risk.
Experimental Procedures

Materials
SQ was purchased from Wako Pure Chemicals, Ltd., Osaka, Japan. Dietary lipids, linseed oil and lard, were obtained from Summit oil Mill Co. Ltd., Chiba, Japan, and Junsei Chemical Co. Inc., Tokyo, Japan, respectively. All other chemicals and solvents used in the study were of analytical grade.
Animals and Diets
Obese/diabetic KK-A y mice (male, four weeks old) and wild-type C57BL/6J mice (male, four weeks old) were obtained from the Japan CREA Co., Tokyo, Japan.
The mice were housed individually in an air-conditioned room (23˚C ± 1˚C and 50% humidity) with a 12 h light/12 h dark cycle. After acclimation feeding of a normal rodent diet MF (Oriental Yeast Co., Ltd, Tokyo, Japan) for 1 week, the mice were randomly divided into 3 groups of seven and were fed experimental diets for four weeks ( Table 1 ). The body weight, diet and water intake of each mouse was recorded daily.
Ethics
The research project was approved by the Ethical Committee at Hokkaido University, and all procedures for the use and care of animals for this research were performed under approval by the Ethical Committee of Experimental Animal Care at Hokkaido University.
Sample Collection
Mice were sacrificed under diethyl ether anesthesia after 12 h fasting on day 28. Blood samples were taken from the caudal vena cava of the mice. A portion of blood was used for blood glucose analysis, while the remaining part was stored for lipid analysis. Blood glucose was measured using a blood glucose monitor, namely, the Glutest Neo Sensor (Sanwa Kagaku Kenkyusyo Co. Ltd., Aichi, Japan). This sensor is an amperometric sensor with flavin adenine dinucleotide (FAD)-dependent glucose dehydrogenase and ( ) 3 6 Fe CN − . Liver, spleen, small 
Blood Lipid Analysis
The blood plasma analysis was performed by the Analytical Center of Hakodate Medical Association (Hakodate, Japan). The analysis included measurement of the following parameters: total cholesterol, HDL cholesterol, non-HDL cholesterol, triacyglycerols (TAG) and phospholipids.
Hepatic Lipid Analysis
Total lipids (TL) was extracted from the liver with chloroform/methanol (2:1, v/v) [30] . In a preliminary experiment, we found that SQ and docosahexaenoic acid 
HMG-CoA Reductase Analysis
Activity of HMG-CoA reductase, a key enzyme of hepatic cholesterol synthesis, was measured according to the procedure described by Rao and Ramakrlshnan HMG-CoA reductase activity was calculated from the ratio of HMG-CoA concentration to mevalonate concentration.
Statistical Analysis
Results are expressed as mean ± SEM. Statistical significances between groups were evaluated by one-way ANOVA with post hoc comparisons (Scheffe's F-test). Differences with P < 0.05 were considered to be statistically significant.
Results
Food Intake, Water Intake, Weight Gain, Tissue Weights, Blood Glucose Levels, Serum and Hepatic Lipid Parameters
The weights of major tissues were not significantly different, except for a significant increase in the liver weight of KK-A y mice fed SQ (1% and 2%) ( Table 2 ). Significant increases in weight gain were also found in KK-A y mice fed SQ (2%) ( Table 2) . Although a tendency in the decrease in plasma non-HDL cholesterol was found in KK-A y mice, other lipid parameters increased (Table 3) . A significant increase in HDL cholesterol was found. However, all plasma cholesterols levels (total cholesterol, HDL cholesterol and non-HDL cholesterol) increased in C57BL/6J mice, but the difference was not significant (Table 3) . SQ intake significantly increased TL, NL and TAG in the liver of KK-A y mice, while no significance was observed in the hepatic lipid levels of C57BL/6J mice, except for total cholesterol ( Table 4 ). Total cholesterol level in the liver from C57BL/6J mice significantly increased due to SQ (2%) feeding, but levels in KK-A y mice fed SQ (1% and 2%) were lower than those fed control diet (Table 4 ).
Fatty Acid Levels of Liver Lipids
SQ (1% and 2%) supplementation significantly all fatty acid contents in the liver from KK-A y mice except for 20:4n − 6, resulting in a significant increase in the total fatty acid contents ( Table 5 ). The increase in total fatty acids presented in Table 5 was consistent with the result in Table 4 showing the increasing effect of SQ on liver TL and NL. However, there was little difference in the fatty acid content in the liver of C57BL/6J mice (Table 5 ). This was also expected due to the TL and NL levels in the liver of C57BL/6J mice (Table 4 ). 
Gene Expression Related to Lipid Metabolism and HMG-CoA Reductase Activity
To determine the effect of dietary lipids on liver lipid metabolism, the related gene expressions were analyzed using real-time PCR. Although the analysis showed no significant effect of SQ on the gene expression of C57BL/6J mice ( Figure 1 ), a significant difference was found in the HMGCR and CYP7A1 genes in the liver from KK-A y mice fed SQ compared with the control ( Figure   2 ). Furthermore, SQ (2%) supplementation significantly increased HMG-CoA reductase activity in the liver from KK-A y mice, but not C57BL/6J mice.
Discussion
Epidemiological studies have revealed an inverse correlation between HDL cholesterol levels and the risk of cardiovascular disease and atherosclerosis. HDL cholesterol promotes reverse cholesterol transport and has several atheroprotective functions, such as anti-inflammation, anti-thrombosis, and antioxidation [32] [33] . In prospective epidemiologic studies, every 1-mg/dL increase in HDL is associated with a 2% to 3% decrease in CVD risk, independent of LDL cholesterol and TAG levels [34] . Furthermore, normal or high HDL levels appear to have anti-atherosclerotic, anti-inflammatory, antioxidant and anti-thrombotic properties, even in the presence of high LDL cholesterol [35] . In the present study, we found a significant increase in the plasma HDL cholesterol of obese/diabetic KK-A y mice, with no significant difference in the total and non-HDL cholesterol levels ( Table 3 ). The increase in HDL cholesterol was also strated the effect of SQ on blood HDL cholesterol level as important factor in atherosclerosis protection [11] . Administration of SQ for seven weeks (2.1 g/kg)
to C57Bl/6J SPF mice showed a 60% increase in HDL cholesterol with no changes in total cholesterol [23] . Likewise, SQ administration for 11 weeks at a dose of 1 g/kg caused a specific increase in HDL cholesterol levels in three male mouse models (wild-type, Apoa1and Apoe-deficient) with the C57BL/6J genetic background [17] . In a rat model, specific increase in HDL cholesterol has also been reported [18] . These studies have demonstrated that high HDL level would be independent of an anti-atherosclerotic factor [35] . The present study confirmed that the increase in HDL cholesterol level is a major effects of SQ in atherosclerosis protection. HDL cholesterol biogenesis and its development are involved in various complex metabolic networks, such as upregulation of ATP-binding cassette transporter A1, apoA-I transcription and liver X receptor (LXR) [36] . Therefore, the increasing effect of SQ on HDL cholesterol would be related to these events; however, the mechanisms by which SQ elevate plasma HDL-cholesterol levels remain unclear. SQ is known to show a broad repertoire of biological action based on its antioxidant activity [11] . This effect could be exerted in HDL to prevent oxidative modifications of the apolipoprotein A-I (ApoA-I), other HDL proteins, and HDL lipids. The prevention by HDL of oxidative stress can make it more fluid and thus more functional. Further study will be needed.
In humans, orally administered SQ is well absorbed (60% -85%). This, and the intestinal de novo synthesized SQ, are transported by chylomicrons into circulation and are rapidly taken up by the liver, where it is converted into cholesterol [17] . A significant increase in total hepatic cholesterol found in normal C57BL/6J mice may be reflected by the conversion of SQ to cholesterol in the liver (Table 4 ). However, cholesterol level decreased in the liver of obese/diabetic KK-A y mice (Table 4 ). However, significant increase in NL by SQ intake was observed in KK-A y mice, while no significant difference was observed in polar lipids ( Table 4 ). The increase in NL resulted in higher TL levels in the liver. SQ administration to KK-A y mice induced its accumulation in the liver. Moreover, SQ is eluted as the NL fraction in the separation of TL with the column chromatography used in the present study. However, the level of SQ measured was less than 20 mg/g liver in both groups. Therefore, the increase in NL found in Table 4 was mainly due to the increase in TAG. The TAG increase due to SQ intake was strongly related to the higher level of total fatty acids found in Table 5 .
As shown in Table 4 and Table 5 , squalene administration to KK-A y mice induces TAG accumulation in the liver. To determine the effect of squalene, gene expression related to fatty acid (FASN and SCD1) and TAG (DGAT1 and DGAT2) synthesis was analyzed (Figure 1 ). However, no significant difference was found in these gene expressions, together with other kinds of genes related to lipid metabolism, except for HMGCR. It is difficult to explain the discrepancy Food and Nutrition Sciences found between gene expression and TAG content in the liver of KK-A y mice. One possibility is the involvement of TAG that originated from other tissues.
HMGCR is a gene related to cholesterol metabolism. Its expression was significantly decreased by squalene (1%) intake, but no significance was observed with administration of squalene (2%) (Figure 1) , while a significant increase in HMG-CoA reductase activity was found in the liver of KK-A y mice fed squalene (2%), but with no significance in squalene (1%) (Figure 2 ). Although HMG-CoA reductase activity and its gene expression, e.g., HMGCR, is known as a key factor in cholesterol synthesis, the changes in these factors would not greatly affect cholesterol concentrations in the liver (Table 4 ). This may be due to the compensation of other pathways of cholesterol metabolism and/or the effect of cholesterol supplementation from other tissues. CYP7A1 is known to catalyze the cholesterol catabolic pathway. This enzyme expression was decreased by squalene intake (Figure 1 ). Although the difference was not significant, this may affect the cholesterol level of the liver.
Conclusion
The present study showed that SQ supplementation to C57BL/6J background mice increased plasma HDL cholesterol level, which is an important and independent anti-atherosclerotic factor. It is noteworthy that this effect of SQ was found more clearly in an obese/diabetes mouse model compared with normal mice. Although more research is needed to clarify the effect of SQ on the lipid metabolism and dynamics related to atherosclerosis, the present study suggests the anti-atherosclerotic effect of SQ, especially for subjects with metabolic disorders.
